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EFFECT OF GRAIN SIZE AND CARBON CONTENT ON THE
LOW TEMPERATURE TENSILE PROPERTIES
OF HIGH PURITY Fe-C ALLOYS

By R. 1. Sm1tH, G. SPANGLER AND R. M. BrICK

AZ)slract\)

Sewveral low carbon Jerrites, approvimately 99.9+%
pire apart from added carbon and substantially [ree of
orygen, nitrogen and hydrogen, were prepared and tested
i tension under various conditions of heat treatment, fer-
rile grain sise, and fest temperature. Truc siress-strain
curves were calculated and the significant tensile param-
eters evaluated,

Ferrite grain size was shown to be the sole factor de-
termiming ductility of 0.02% carbon alloys at liquid oir
lemperature,; decreasing the grain size causes a remark-
able increase in duchility. With more than 0.02% carbon,
carbide morphology has an tmportant effect on lthe ductil-
wy.  Tleat treatments which vesulled e carbides at lhe
grain boundaries materially reduced the low femperalure
duclility.

The cxponent of strain hardening was found lo
decrease with decreasing lemperature, mcreasing carbon
conlent, and increasimg grain sise. The initial presence
of a substructure or a decrease in grain size markedly in-
creased the yield stress at liquid air temperatures. Trvin-
ning was not found to contribute to the low temperature
brillleness.

UMEROQUS investigations on the low temperature behavior

of ferritic steels have been conducted in the last decade. Be-

cause of the interaction of variables such as impurity elements, dis-
tribution of second phase, grain size and mechanical variables, the
results obtained [rom such investigations cannot be interpreted in
fundamental terms. For example it is known that a decrease in
This paper is taken [rom a disserlalion submitted by R. L. Smith to the Faculty of

the Graduate School of the University of Pennsylvania in partial fulfillment of ihe require-
ments for the Ph.D. degrec. The work has heen sponsored by the Ship Structure Commit-
tee as Project SR 109 under U. S. Navy contract NObs 50062, The views presented are

those of the authors and do not necessarily represent those of the Navy Department or the
Ship Structure Commitiee.

A paper presented before the Midwinter Meeting of the Society, held in
Boston, March 4 and 5, 1954. Of the authors, R. L. Smith is associated with
the Research Division, Franklin Instiiute, Philadelphia, and G. Spangler and
R. M. Brick are associated with the Department of Mectallurgical Engineering,
University of Pennsylvania, Philadelphia. Manuscript received April 27, 1933.
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grain size lowers the transition temperature {rom ductile to brittle
behavior. Flowever, the methods used to vary grain size have been
such that the beneficial effects could also be attributed solely to some
less obvious cause.

It has long been known that fne-grained ferrites retain their
tensile ductility to a lower tcmiperature than coarse-grained ferrites
(1, 2)1. Secveral investigators have determined the effect of ferrite
grain size on the impact strength of various low carbon steels (3, 4,
5, 6,7). Ina few cases, no significant variation in transition tem-
perature was reported. Generally, however, impact transition tem-
perature has been found to increase with increasing grain size, chang-
ing as much as 30 °I* with an increase in grain size of one ASTM
number. These vestigations were conducted on commercial fer-
rites. In most cases, the different grain sizes werc obtained by sig-
nificantly different heat treatments. In some instances, thin sheet
stock or wires were tested where size effect complicated the test
results. However, all of these investigations have shown that the
effect of grain size must he determined quantitatively if the mechan-
ical properties are to be evaluated unambiguously.

In contrast to this, N. P. Allen (8) has reported that variation
of the grain size by subcritical anncals does not affect the impact
transition temperature or gemeral properties of “pure” irons tested
at the National Physical Laboratory, whereas different grain sizes
obtained by supercritical heat treatments and varying cooling rates
altered the properties considerably.

This paper is the result of an investigation designed to delineate
the effect of carbon content and ferritic grain size on the mechanical
properties of relatively pure ferrites as determined by the axial ten-
sion test over a range from room temperature to liquid air temiperature.

ALLOY PREPARATION

Some alloys were prepared by melting a high-grade electrolytic
iron under strongly oxidizing conditions and slagging with lime,
Carbon was added by dropping sugar charcoal directly on the surface
of the oxidized melt. These air-melted alloys were remelted in high-
fired beryllia crucibles in a high frequency vacuwm melting furnace,
The initial FeO:C reaction was controlled by conducting the actual
melting under nearly an atmosphere of evolved gases and then slowly
evacuating to a pressure of less than one micron.

A second approach was to melt electrolytic iron under strongly
oxidizing conditions and cast the metal, high in FeO, into a slab
which was first hot-rolled and then cold-rolled to a thickness of about
0.010 inch. This thin stock was deoxidized in dried (—190 °C dew
point) hydrogen at 1100 °C (2010 °F) for 6 weeks. The hydrogen-

IThe figures appearing in parcuthescs pertain to the references appended to this paper.
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deoxidized stock was then remelted in vacuo in a high-fired BeO
crucible with a sufficient amount of high purity carbon to produce
the desired carbon content. No significant difference in either chem-
ical analysis (Table I) or mechanical properties has been observed
between alloys made by the two different methods of preparation.

Table I
Analyses of Iron-Carbon Alloys
Hydrogen-Deoxidized Carbon-Deoxidized
Iron-Carbon Alloy Iron-Carbon Alloy
C 0.02 0.03
Mn ESpchrographig) 0.0005 0.,0005
Mn (Wet Method) 0.003 0,002
ai 0.005 0,001
Be 0.0013 0.0007
Ni 0.,0008 <0.0003
T 0.0004 0.0004
QO (NBS)* 0,0006 0.0007
(BMI)+ 0.0010 0.0014
N (NB3)* 0.0008 0,0011
(BMD4 0.0003 0.000%
H (NB&)* nil 0.00007
(BMDfT <.0.00004 <0.00004

*Average of duplicate vacuum fusion analyscs by National Bureau of Standards, courtesy
J. G. Thompson.
fDuplicate vacuum fusion analyses by Battelle Memorial Institute, courtesy C. E. Sims.
TE: The amoud of cach element present, other than carbon, is near the limit of experi-
mental ertor of the available analytical methods. Therefore, although iwo to {our times as much
nitrogen or oxygen, for cxample, is reported by onc laboratory as compared to another, the dif-
{erences generally are not significant, since the amount present is in the vicinity of 0.000X%.

The alloy ingots were hot-forged to 1-inch rounds, hot-rolled to
84-inch square bars, then air-cooled and cleaned. These bars were
vacuum-annealed at 1000 °C (1830 °F) for 100 hours to eliminate
gas absorbed during hot working., The annealed stock was cold-
rolled and heat treated in vacuum or helium to the desired grain size.
The heat treated bars were then machined to tensile specimens having
a l-inch gage length by 0.200-inch diameter. The bars were given
a final hand polish with 600 emery paper.

MEcHANTCAL TESTING AT Low TEMPERATURES

The mechanical testing of the tensile specimen was done in a
hydraulic testing machine provided with special equipment for low
temperature work (9, 10, 11).

The specimen was submerged in a suitable relrigerant kept at the
desired constant low temperature. The cooling fluld was contained
in a Dewar vessel, supported around the test bar without interfering
with the movements of the specimen grips and their alignment. Such
a setup is shown schematically in Fig. 1. By use of a flexible bellows,
alignment of the grips during the test takes place freely without being
hindered by the rather weighty test vessel. Practically ideal self-
aiignment during the test was obtained by use of case-hardencd chaing
to transfer the tensile force to the specimen.
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The cooling media used in this investigation were liquid air for
—185 °C and Freon No. 12, cooled by liquid air, for the range —150
to 30°C. Temperatures were regulated by an automatic control
circuit. An air bubbler stirring arrangement was used to keep the
temperature as uniform as possible.

Natural stress-strain data were obtained at low temperatures
using a microformer-type diameter gage immersed with the test speci-

DIAMETER GAGE

Zz THERMOCOUPLE
/ UPPER CHAIN

KIR-BUBBLE AGITATOR

/—UPPER GRIP
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Fig. 1—Schematic Diagram of Tensile-Test Apparatus.

men in the heat transfer fluid (Fig. 2). A strain pacer was connected
in series with the diameter gage and an autographic recorder. The
investigator traverses the gage length of the specimen with the jaws
of the diameter gage. While the specimen is decreasing in diameter,
the diameter gage causes the strain pacer pointer to rotate clockwise.
If the spacing of the jaws of the diameter gage increases hy leaving
the neck, the pacer reverses its direction of rotation. Thus it is
readily possible to find the region of necking and then to remain in
the position of minimum diameter,

ErrFecT oF TEMPERATURE, CARBON AND FERRITIC GRAIN SIZE
oN ToTAL STRAIN

In order to evaluate the effect of grain size on tensile ductility,
most of the tests for this investigation were conducted at liquid air



1954 HIGH PURITY Fe-C ALLOYS 977

temperature. At this temperature, the differences in total strain ap-
pear to be most marked (Fig. 10). The test is rapid and economical
of material. At liquid air temperature, the total strain is usually
relatively small and reasonably reproducible. Post-fracture measure-
ments on the fractured specimens agree within 0.002 of an inch with

Fig. 2—Recording Diamcter Gage Used in Tensile Testing.

the diameter gage measurements at the neck of the specimen recorded
at the instant of fracture. On the other hand, for the low carbon
alloys at room temperature, ellipticity and a rim effect on the order
of 0.010 inch may obscure the strain measurements.

A plot of ferrite grain size versus total strain at liquid air
temperature for an 0.02% carbon alloy, Fig. 3, shows a nearly linear
relation of marked slope. A grain size change of one ASTM number
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Fig. 3—Effect of Ferritc Grain Size on Total Strain
at Lignid Air Temperature. (0.02% carbon alloy.)

changes the total strain by about 0.2. The grain size was varied by
heat treatment at different temperatures, by use of varied times, or
by varying the amount of cold work prior to heat treatment. Details
of the heat treatments used are given in Table II. When the same
grain size was obtained by heating at different temperatures, the same
total strain at liquid air temperature was obtained. This is good evi-
dence to support the rather remarkable conclusion that for this 0.02%
carbon alloy, the ductility at liquid air temperature is solely deter-
mined by grain size.

Further examination of the data in Table II shows that in most
cases the larger grain sizes were obtained by means of a heat treat-
ment above the A; temperature, Fig. 5. If solution and precipitation
of FesC from ferrite were significant, then cooling at different rateg
from the maximum solubility temperature (723 °C) should also result
in differences in ductility, due to retained solution of carbon or its
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At this carbon level,

It can be seen that speci-
stringers of carbides oriented parallel to the rolling direction were

¢ versus total strain valucs at liquid air

aln siz

“ig. 6 shows the gr

and tested within a week do not vary significantly in total strain at
temperature for an alloy of 0.04% carbon.

—185°C. Apparently, then, quench aging is not a factor affecting

ductility of unnotched tensile specimens of this pure 0.02% carbon
alloy. It is shown later that heat treatment affects the yield stress

values considerably.
present in all specimens that were cold-rolled and recrystallized below

mens quenched, air-cooled, and furnace-cooled from this temperature
the A; temperature, Fig. 7. A few scattered areas of free pearlite

precipitation with different cooling rates.
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Fig. 45—0.02% Carbuon Alloy Heat Treated 1 Hour 620 °C, Air-Cooled,
¥ 750,

Nital

Fig. 5—0.029, Carhon Alloy Heat

Treated 20 Minutes 930 °C, Furnace-Cooled
ta 750 °C, Air-Cooled. Nital elch, X 750.

and networks of discontinuous grain boundary carhides were visible
in this 0.04% carbon alloy when heat treated above the A, temper-
ature, Fig. 8. The various heat treatments for this alloy are given
in Table ITI.

The points representing the suberitical heat treatments show a
grain size effect on liquid air ductility nearly the same as the lower
carbon alloy (0.02% carbon) represented by the dashed line. The
points representing the supercritical heat treatments of this alloy lie
well below the scatter band of the 0.02% carbon alloy. Therefore,
for this alloy, heating above the A; gives less ductility than heating
below the A;. This can bhe seen by examining the values for an
ASTM number 5 where the spread is from £ = 0.546 (42% R.A.)
for a subcritical recrystallization to e =0.063 (6% R.A.) for a
supercritical recrystallization. This difference shows that with carbon
present in excess of the solubility limit, carbide morphology as well
as grain size controls low temperature ductility. Carbides in the
0.04% carbon supercritically heated alloy were generally at [ferrite
grain boundaries or grain junctions.

Reheating the supercritically recrystallized specimens at 600 °C
for 4 hours improved the ductility by about 0.1 natural strain or 20%.
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Fig. 6—Effect of Ferrite Grain Sizc on Total Strain
at Liquid Air Temperature. (0.04% carbon alloy.)

Perhaps longer times of tempering might increase this value mate-
rially. On the other hand, it may be that unless the specimens are
recrystallized suberitically, no time of tempering would be sufficient
to overcome the embrittling effect of carbides at ferrite grain bound-
aries. Aftempts at spheroidization by cycling through the A; tem-
perature resulted in abnormal grain growth.

Fig. 9 shows the total strain at liquid air temperature versus
grain size for two higher carbon alloys (0.05 and 0.12% carbon),
co-plotted with data for the 0.02% carbon alloy (Table IV). It can
be seen that although the grain size varies considerably, the total
strain for these two alloys as subcritically heat treated remains essen-
tially constant. At these higher carbon contents, two opposing vari-
ables are affecting the ductility ; i.e., with increasing time of isothermal
suberitical heat treatment, the ferrite grain size increases and the car-
bides tend to spheroidize. The two opposing factors appear to balance
each other for these higher carbon alloys so that the net change in
ductility is not significant.
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Fig. 7—0.04% Carbon Alloy Heat Treated 1 Hour 650 °C, Air-
Cooled,  Nital eteh. ¢ 750.

Fig. 8—0.04% Carhon Alloy Heal Treated 10 Minutes 920 °C,
Turnace-Cooled to 840 °C, Air-Cooled. Nital etch. > 750.

For a given grain size and heat treatment, it can be seen that the
0.05% carbon alloy is always more ductile; ie., shows greater total
strain than the 0.12% carbon alloy. However, the limiting heat
treatment at 600 °C (1110 °F) for 96 hours which spheroidizes the
carbides, making them relatively ineffective, results in a total strain
for both of these higher carbon alloys equal to that of the low, 0.02%
carbon alloy of the same grain size. This is evidence that ferrite grain
size has the same effect on total strain for the higher carbon alloys
that it does for the lower carbon alloys, provided it can be separated
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Table ITL
Tensile Data [or Iron = 0.04% Carbon Alloy
Epec. Temp. Total Grain/ingh? Heat Treatment
No. *C Strain at X 100 “C

28 --26 1,394 15 10 min. 920, F.C,
340, A.C.
29 426 1.345 15 10 min. 920, ¥.C.
840, A.C.
30 26 . 1.570 58 1 hr. 630, A.C,
31 +26 1.500 58 1 Lr. 650, A.C.
52 —105 1,560 47 1 hr. 630. A.C,
533 ~102 1.479 45 1 hr, 650, A.C.
55 —100 1.361 13 10 min. 920, F.C.
840, A.C.
5% —100 1,275 15 10 min. 920, F.C,
240, A.C.
26 —185 0.805 54 26 hrs. 600, A.C.
27 —185 0,750 a4 26 hrg. 600, A.C.
E —~185 0.779 52 1 hr. 650, A.C.
63 —185 0.774 31 45 min. 700, F.C.
D —185 0.769 49 1 hr 650, A.C.
64 —1385 0.673 31 45 min. 700, F.C.
24 —~185 (.663 28 26 hrs. 600, A.C.
24X —185 0.632 28 26 hrs. 600, A.C.
9 —185 0.604 3\ 4.5 hrs. 600. A.C.
11 —185 0.565 20 48 hra. 600, A.C.

41 —185 0.358 32 45 min, 700, Q.
12 —185 0.546 16 94 hra. 600, A.C.
46 —185 0,543 29 45 min. 700, A,C.
13 —185 0.520 16 94 hra. 600, A.C.
7 —185 0,514 18 26 hra. 600, A.C,
44 —185 0.505 32 45 min. 700, A.C.
6 —185 0.502 18 26 hrs. 600, A.C.
g —185 0,436 19 4.5 hrs. 600, A.C.
10 —185 0.478 19 48 hrs. 600, A.C.

40 —185 0.475 32 45 min. 700, Q.
16 —185 0.345 37 10 min. 920, A.C.
17 —~185 0.326 37 - 10 min, 920, A.C.
45 —185 0.274 22 30 min. 800, A,C.
5 —185 0.231 9 26 hrs, 600. A.C.
32 —185 0.131 16 10 min. 920, F.C.
840, A.C.
. temp. 4.5 hrs. 600, A.C.
33 —185 0.156 16 10 min. 920, F.C.
840, A.C
temp. 4.5 hrs. 600, A.C,
15 —185 0.126 13 10 min. 920, F.C.
840, A.C.
14 —185 0.133 12 45 min. 700, A.C.
47 —185 0,100 22 30 min. 800, A.C.
1 —185 0,090 13 10 min. 920, F.C.
840, A.C.
4 —185 0.090 11 45 min. 700, A.C.
2 —185 0.084 9 45 min, 700, A.C.
39 -185 0.063 16 10 min. 920, F.C.
840, AC,
38 —185 0.063 16 10 min. 920, F.C.
840, A.C.
3 —185 0.039 10 10 min. 920, F.C,
840, A.C.

from the carbide morphology, This does not necessarily hold true
for grain sizes attained other than by recrystallizing below the A;
temperature.

In attempting further to separate the effect of carbon content on
ductility from that of grain size, a series of tests were run at three
temperatures: room temperature, —100 °C, and liquid air tempera-
ture (Fig. 10). The results show that the difference in ductility re-
sulting from these two specific heat treatments is three to four times
as great at liquid air temperature as at room temperature. This diver-
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Table IV
Tensile Tests at Liquid Air Temperature

0.05%, Carbon Alloy
Grain Size

Specimen Total grain /inch Ileat Treatment

No. Strain at X 100 “C
3la 0.756 g9 1 hr, 600, A.C.
31b (.761 88 1 hr. 600, A.C.
34a 0_835 69 10 hrs. 600, A.C.
34b 0 704 58 10 hrs. 600, A.C.
33a 0.705 43 96 hrs. 600, A.C.
33b 0,820 43 96 hrs. 600, A.C.
11 0.049 15 10 min. 910, F.C.
820, A.C.
7 0 054 10 min. 910, F.C.
320, A.C

0.12% Carbon Alloy

33a 0.53%4 82 1 hr. 600, A.C.
33h 0,544 1 hr. 600, A.C.
33¢ 0.652 10 hrs. 600, A.C.
33d 0.680 63 10 hrs, 600, A.C.
33e 0.632 30 96 hra. 600, A.C.
33f 0.644 96 hrs. 600, A.C.
31 0,070 21 10 min. 900, F.C.
780, A.C.
27 0.094 10 min. 900, F.C.
780, A.C

gence at liquid air temperature is due to the major effect ol grain size
on ductility at liquid air temperature and it is this effect which masks
the effect of carhon content on ductility.

In summation, it appears that the major factor determining the
ductility at liquid air temperature of high purity iron containing
0.02% carbon is ferrite grain size. For the 0.02% carbon alloy, there
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is no effect of heat treatment or cooling rate other than its effect on
grain size. For the higher carbon, 0.03 to 0.12% carbon alloys. there
is in addition the effect of heat treatment on the state of the carbides.
Supercritical heat treatments, which result in carbides or pearlite at
ferrite grain boundaries, materially reduce low temperature ductility.
Suberitical annealing of cold-worked structures, which gives spheroid-
ized carbides aligned in the testing direction, considerably or com-
pletely eliminates their detrimental effect.

2.0 T T I I
B Heat Treated | hr. 650°C
Air-Cooled, ASTM Number 6,5
|6 /._,— \__EF-F

- / x %
/ L
1.2 G

/ 4 Heat Treated [0 min. — |
- 920°C
/ Furnace-Cooled to
08 5 840°C, Air-Cooled —]
/ ASTM Number 4.9
0.4 //
(o] ! * 1 1 ] 1 |

-200 -160 -120 -80 -40 o] 40
Temperature®C

Total Strain {In Ag 78}

Fig, 10—E(lect of Temperature on Total Strain. (0.04%
carhon alloy.)

The above observations apply with certainty only to high purity
alloys containing substantially no oxygen or nitrogen.

ErrFECT 0F CARBON AND FERRITE GRATN S1ZE ON STRAIN FIARDENTNG

Although the slope of the plastic region of the stress-strain curve
is frequently used to evaluate strain hardening, it is not a satisfactory
indicator in the case of the low carbon ferrites reported here. This
is illustrated by Fig. 11 showing the uniform strain regions of two
tensile specimens tested at two different temperatures. It is apparent
that temperature affects the upper yield, lower yields, and yield point
elongation. An examination of points (a) and (b) at a given con-
stant strain reveals that, for the example shown here, the instantaneous
rate of strain hardening, do/de, is greater at the low temperature.
However, such a comparison does not have any fundamental sig-
nificance because of the difference in strain history prior to strain,
e=0.12. A comparison of da/de values at constant strains from the
minimum in the stress-strain diagrams is somewhat more meaningful,
as it is a measure of the ability of the material to strain harden after
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the start of uniform deformation (12). Even this comparison is
somewhat nebulous, as it has heen shown that the inherent ability
of a material to work harden is allected by the deformation history
(13).

It is common to talk of de/de in the linear region of the true
stress-strain curve. Since do/de remains constant in this range, the
limitation of comparing it at some constant strajn is removed. For
ferrites and, in fact, for most materials this linearity begins at the
point of maximum load and continues in the carly stages of necking
(Fig. 12). IHowever, the triaxial stresses imposed by the formation
of a neck require that a correction be made by subtracting the trans-
verse stress components, thus reducing the slope of this portion of
the stress-strain diagram (14). The amount of this correction de-
pends upon the severity of the neck. If the shape of the neck were
the same under all conditions of testing, it would he possible to
utilize relative changes in do/de. There is no reason to assume that
this would be the case. On the contrary, there is evidence that the
opposite is true.

Necking is a manifestation of localization of deformation. If
conditions are such as to accentuate this localization, e.g., lowering
the temperature, it seems that the radius of the neck would deccreasc.
Tt has bheen shown that increasing the speed of testing lincreases the
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0.02% Carbon.

severity of necking (15). In ferrites, increasing the strain rate has
been found to he comparable to decreasing the temperature. This
implies that a greater correction [or triaxiality would be necessary
at the lower temperature of testing. This correction might easily be
large enough so that the slope of the linear portion of the stress-strain
curve would show a decrease with a decrease in the temperature of
testing, Unless a valid correction is applied for triaxiality, do/de
cannot be used as a measurc of strain hardening over the linear por-
tion ol the stress-strain curve.

A comumonly used measure of strain hardening is that designated
as the strain hardening exponent (n) in the well-known equation
o = Ke®. This is the rate of change of the logarithm of true stress
with respect to the logarithm of natural strain, dln¢/dIne, and can
be shown to be numerically equal to the strain at maximum load (16,
17, 18). Experimentally, the relationship ¢ = Ke® is reasonably
valid in the uniform strain region or between the lower yield point
and maximum load. This is illustrated by a typical curve as shown
in Fig. 13.

Necking strain is not as important as uniform strain in governing
the absorption of energy, since this requires a relatively large volume
of deformed metal, Gensamer (19) has shown the importance of the
plastic properties in determining energy absorption by their ability
to control the distribution, or localization, of strain. He pointed out
that the strain gradient, de/dx, may depend, not on the capacity for
deformation as measured by reduction of area or other principal
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strains at fracture, but on strain hardening as measured by the strain
hardening exponent. DBy dilferentiation of the expression ¢ = Ke"
he found the strain gradient to be inversely proportional to the ex-
ponent of strain hardening, ie., de/dx « 1/n. A brittle material
would be one where strain is localized, resulting in a small amount
of uniform strain, a high strain gradient and correspondingly a low
strain hardening exponent.

Although the relation ¢ = Ke® is of limited application, it is
useful in that n is as good a measure of strain hardening as can be
obtained for materials exhibiting heterogeneous yielding; therefore
this paper reports the variation of the strain hardening cxponent with
temperature, grain size, and carbon content.

It was pointed out above that n = g,, where g, = strain at max-
imum load. TFor this investigation, although the strain values for
maximum load are reported in nearly all cases, the numerical values
are subject to some uncertainty. Maximum load holds over a con-
siderable range of strain. Uniform strain was taken at the drop in
load at the end of this range, but this drop occurs very slowly and
was difficult to observe accurately. Nonlinearity often occurs before
the drop in load at the maximum. For these reasons, uniform strain
is not as reproducible a measure of the exponent of strain hardening
as the slope, dIno/dIne.

Tt should be emphasized at this point that n and de/de are not
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equivalent, even in an approximate sense. G. V. Smith (20) pointed
out that it is often erroneously assumed that n and do/de vary in a
like manner. Fig. 14 is presented showing n versus temperature for
the 0.02% carbon alloy co-plotted with do/de versus temperature
taken at a constant strain of ¢ = 0.15 from the minimum in the stress-
strain curve. Whereas (n) decreases from room temperature to
—100 °C and then remains constant to liquid air temiperature, do/de
decreases from room temperature to —90 °C, and then rises sharply
from —90 °C to liquid air temperature! The instantaneous rate of
strain hardening, do/de, for this alloy obtained from the expression
do/de = n(o/e) also agrees with the value of do/de obtained graph-
ically. This should serve to emphasize the necessity of differentiating
between the apparent rate of strain hardening, de/de, and the expo-
nent of strain hardening, n.

Hollomon (21) found that increasing the carbon content or de-
creasing the temperature increased the slope of the linear portion of
the stress-strain curve. This observation has been confirmed by
others and forms the basis for the often-repeated statement that
“strain hardening” increases with decreasing temperature. It is im-
portant to keep in mind that this applies to necking strain and that
a correction for triaxiality could reverse this trend.

The strain hardening exponent need not change in a like manner.
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This is illustrated in Fig. 15, which shows the exponent of strain
hardening decreasing with increasing carbon content and decreasing
temperature. A decrease in the grain size is seen to increase the
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exponent of strain hardening (n) at liquid air temperature (Fig. 10).

The observed decrease of n with increasing grain size and with
decreasing temperature would increase the strain gradient and tend
to restrict deformation to a relatively small volume. This restriction
correlates satisfactorily with the embrittlement effects of low temper-
ature and large grain size.

Thus it appears that although do/de and n are mathematically
related, they do not behave similarly in relation to other variables
such as temperature, carbon content and grain size. The expression
¢ = Ke® holds during the period of unilorm strain for ferrites. The
exponent of strain hardening, 1, is found to decrease, generally, with
decrease of temperature, increase of carbon content, and increase of
grain size. It is this measure of strain hardening that directly affects
the distribution of deformation in a given material. Additional sup-
port for this perhaps tenuous evidence that strain hardening of ferrite
is less at low temperatures and that this is important with regard to
low temperature hrittleness is offered by the fact that, for copper, the
strain hardening exponent n increases with decrease in temperature

(29).

ErrEcr oF FERRITE GRAIN SIZE AND TEMPERATURE
ON THE YIELD PoINT

It is well known that decreasing the size of the ferrite grains of
mild steel increases the flow stresses at room temperature (22, 23).
Data illustrating the grain size effect on yield points at liquid air
temperature for the 0.02% alloy are shown in Fig. 17. Here upper
yield stress is plotted as a function of grain size. Lower yield stress
behaves in the same manner,

The curve drawn through solid points, representing subcritically
heat treated specimens, shows the expected grain size effect. How-
ever, the open-circle points representing supercritically heat treated
specimens show a still greater effect on the yield point for an essen-
tially constant grain size! A careful examination in Table II of
yield stresses for duplicate test specimens will show that the scatter
in this plot is not due to poor alignment of specimens, surface imper-
fections or inadequate fillets, since in most cases duplicate test speci-
mens have nearly the same yield stress.

Such a plot as this should clearly emphasize the danger of ex-
tending to other temperatures generalizations that are valid at one
temperature. In this case it is believed that it is safe to say that, at
liquid air temperature, decreasing the grain size increases the yield
stress. However, unlike its effect on total strain, grain size is clearly
not the major variable governing yield stress,

An examination of the microstructure of supercritically heat
treated specimens (Fig. 5) revealed the presence of a veined sub-
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structure which was absent in the subcritically heat treated specimens,
Higher heat treatment temperatures and faster cooling rates generally
gave higher yield points and in these specimens veining was more
readily detected. The conditions for veining in ferrites have been
discussed at length hy Hultgren and Herrlander (24). The sub-
structures observed in the supercritically heat treated specimens pre-
sumably were caused by the volume change in the y =« transfor-
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. Fig. 17—Effect of Ferrite Grain Sizc on the Upper Yield
Point at Ligquid Air Temperature.  (0.02% carbon alloy.)

mation. This volume change induces stresses in some grains sufficient
to deform them slightly. Suberitically recrystallized and unstrained
grains did not show veining substructures.

Cottrell’s theory is universally known and generally accepted as
being the most logical explanation of the yield point phenomenon
(25). If this theory is extended to include the effects of substruc-
tures, observations of this investigation, e.g., Fig. 17, are rather sim-
ply explicable.

Cottrell utilizes the concept that solute atoms (interstitial carbon
and nitrogen in iron) diffuse to, and lock, dislocations. A stress that
is sufficient to tear the dislocations loose from their solute atmos-
pheres is greater than that necessary to keep them moving; thus the
load drops at the initial yield. A grain boundary can be regarded as
an array of dislocations, and when the boundary contains solute
atoms, distributed so that the strain energy is reduced, yielding can-
not easily start from or propagate through grain boundaries. Upon
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application of stress, a number, (n), of dislocations move within the
grain from regions of high stress concentration until they arc stopped
by the grain boundary. These dislocations produce a force against
the grain boundary which is (n) times the force exerted by one dis-
location. These dislocations add to the externally applied stress and
force dislocations out of the grain boundaries. The larger the grain,
the greater the number of dislocations piled up at the grain boundary ;
thus a lower applied stress is required to initiate yielding. The
theory does not requirc that grain boundaries be present for yielding,
since the criterion here is the initiation of yielding within the grain.

With the above concept in mind, consider two test specimens
identical in all respects except that one possesses a substructure as a
result of a particular heat treatment. The substructure boundaries
would affect yield stresses qualitatively the same as primary grain
boundaries, by interfering with dislocations moving through the lat-
tice. Since decreasing the grain size increases the yield stress, 1t is
probable that the presence of such a substructure would tend to nullify
the effect of larger grains. Although subgrain boundaries act to im-
pede the motion of dislocations, it is likely that the dislocations move
more easily from such boundaries than from regular grain boundaries.

In evaluating the possible effect of initial substructure on frac-
ture, it should be kept in mind that, for iron, slip may take place on
many planes containing the <111 close-packed direction, whereas
cleavage or brittle fracture is almost wholly restricted to the cube
planes. The disregistry of subgrains is small so that fracture does
not have to change direction appreciably in propagating along a cube
plane. In contrast, the difference in orientations between neighboring
grains is large, thus requiring a large change in direction of fracture.
Decreasing the grain size increases the number of changes of path of
transcrystalline fracture appreciably, whereas the creation of a sub-
structure causes a relatively small increase in changes of fracture
path.

It is to he expected that impurity atoms will have a tendency to
segregate at grain boundaries and, in the case of oxygen atoms,
initiate cleavage there (30). Not only are clusters of impurity atoms
sites of relatively high stress concentration but in most cases they
form sites which do not slip easily. Small grains offer a greater total
surface area over which to distribute impurity atoms than do large
grains. This reduces the concentration per unit area and minimizes
the probability of formation of clusters of a brittle phase large enough
to form microcracks. It is likely that at some given applied stress,
fracture initiates in a region of high stress concentration where the
yield point is high in comparison to the surrounding material and
then propagates through the grain along cleavage planes. Inter-
granular fracture is not likely (except in the presence of a large
amount of an embrittling impurity such as oxygen), since the fracture
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path would require a considerable change in direction. The above
mechanism could be the reason why there is such a marked increase
in total strain at —185 °C with a decrease in grain size. Likewise,
the observed pronounced effect of grain size on low temperaturc
ductility supports the concept of impurity segregation at grain
boundaries.

The presence of mechanical twins in ferrite has been well estab-
lished. For the strain rates used in this investigation (approximately
10 sec™!), twinning occurred below about —100 °C. It should he
noted that for specimens which have an appreciable ductility at liquid
alr temperature, extensive twinning is present. An examination of
the curves in Figs. 14 and 16 reveals that the exponent of strain
hardening, n, decreases with increasing grain size aud decreasing
temperature; but that (n) remains essentially constant at tempera-
tures below that where twinning is encountered for the specified strain
rate. 'We might conclude from this that the formation of twins acts
in the same manner as grain boundaries in that twinning increases
(n), thus counteracting the tendency of temperature to decrease (n).
On the basis of this analysis, it may be postulated that the presence
of twin boundaries, if anything, acts to increase ductility.

The eflect of temperature on yielding has been thoroughly dis-
cussed by Cottrell and Bilby (26). The extension of temperature
effects to the plastic region is limited to a qualitative explanation and
15 not readily amenable to a mathematical analysis. However, it does
not appear logical that temperature effects should cease to he of im-
portance aflter the completion of yielding.

A temperature dependence probably occurs through thermal fluc-
tuations of the dislocation loops. Seitz states, “If dislocations can tie
each other down as indicated by Frank, then thermal fluctuations at
the pomnt of locking can be mmportant in breaking the dislocations
loose” (27). In this mechanism, it is assumed that the applied stress
causes the bowing out between obstacles and the thermal Auctuations
simply act in joining the sides of the bows. The amount of blocking
of dislocations is dependent on temperature, and thermal fluctuations
seem to be necessary to aid the movement of dislocations if they are
to be moved with the addition of small applied stress. In the absence
of thermal fluctuations of sufficient magnitude, the applied stress must
be higher to remove the hlocking. At some point, the stress necessary
to move anchored dislocations may be so large that fracture along a
cleavage plane is the preferred process.

Mott (28) points out that the most effective agents for locking
impurities are to be expected in lattices other than face-centered cubic.
For a solute atom to interact with a screw dislocation, it may be
necessary for it to strain the lattice unequally in different directions.
Cottrell (25) points out that this is probahbly because the field around
a screw dislocation is primarily shear stress with practically no hydro-
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static component. Solute atoms which distort the lattice equally in all
directions can interact with a hydrostatic stress field, but, in order to
interact with a shear stress, the distortion must not be spherically
symmetrical. The tetragonal distortion that carbon and nitrogen
produce in iron leads to a nonspherical distortion, but according to
Cottrell there are no known principles which would lead one to expect
nonspherical distortions around solute atoms in a face-centered cubic
lattice. Thus solute atoms would be expected to anchor only edge
dislocations in face-centered cubic metals, but both edge and screw
dislocations are anchored by interstitial atoms in body-centered cubic
metals, A row of interstitial carbon atoms in iron exerts a strong
interaction extending only over a short distance, a situation that is
favorable for the introduction of pronounced thermal effects such as
the decrease in total strain with decrease in temperature that is ob-
served in ferrites.

CoNCLUSIONS

1. The sole factor determining the ductility under uniaxial ten-
sion at liquid air temperature of high purity iron containing 0.02%
carbon 1s ferrite grain size. For the 0.02% carbon alloy, there is no
effect of heat treatment or cooling rate other than its effect on grain
size,

2. In the case of higher carbon, 0.03 to 0.12% carbon alloys,
liquid air ductility is determined by grain size and by the state of
the carbides. Supercritical heat treatments which result in carbides
or pearlite at ferrite grain boundaries or junctions materially reduce
low temperature ductility. Suberitical annealing of cold-worked
structures which gives aligned spheroidized carbides may consider-
ably or completely eliminate their detrimental. effect, at least on duc-
tility in the rolling direction.

3. The exponent of strain hardening, n, decreases with decreas-
ing temperature, increasing carbon content and increasing grain size,
This strain hardening exponent appears to be more significant, with
respect to low temperature ductility, than the slope of the uncorrected
natural stress-strain diagram.

4. The initial presence of a substructure or a decrease in grain
size markedly increases the yield stress at liquid air temperatures.

5. The total strain under uniaxial tension decreases rapidly
with decreases in temperature below about —100 °C (the exact tem-
perature depends upon grain size)., It is probabie that the following
three factors contribute to this low temperature embrittlement:

(a) The loss of thermal aid in moving dislocations.

(b) The effectiveness of interstitial solute atoms in a body-

centered cubic lattice in blocking dislocations.

(¢) The effect of a decreased value of the strain hardening
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exponent ‘n’ in restricting the distribution of deformation.
6. There seems to be no reason to postulate that twinning is a
significant contributing factor to low temperature Dbrittleness.
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